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Abstract This paper develops a high performance PI based controller for an Interior Permanent Magnet
Synchronous Motor (IPMSM) drive. An artificial neural network is used for on-line tuning of the PI
controller. The Genetic Algorithm (GA) has been used in this work in order to obtain the optimized values
of the controller parameters for precise speed control for different operating conditions over a wide speed
range. In this paper, an integral Anti-Windup (AW) strategy for the PI speed controller is also utilized to
suppress the undesired side effect known as integrator windup when large set-point changes are made.
The optimal behavior of the drive can be achieved by considering two control strategies: Maximum
Torque Per Ampere (MTPA) and Flux-Weakening (FW).
In developing the proposed controller, the PI controller parameters and, also, the anti-windup strategy
are optimized by GA for some operating conditions, in a closed loop vector control scheme. By obtaining
the parameters at a number of points in the possible operating region, a look-up table approach has been
completed. Then, an ANN is trained by this look-up table. Ultimately, the well-trained ANN is utilized
for on-line tuning of the controller parameters to ensure optimum drive performance under different
disturbances and operating conditions.
©
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Recently, the interior permanent magnet synchronous
motor has been widely used in high performance applications
due to its advantages, such as high torque to current ratio,
high power to current ratio, high efficiency, low noise and
robustness [1–3]. In high performance variable speed drive
systems, the motor speed should closely follow a specified
reference trajectory, regardless of any load disturbances,
parameter variations and any model uncertainties.
∗ Corresponding author. Tel.: +98 711 7264121; fax: +98 711 7353502.
E-mail address:mardaneh@sutech.ac.ir (M. Mardaneh).
Peer review under responsibility of Sharif University of Technology.
1026-3098©
doi:10.1016/j.scient.2012.07.001In addition, in some applications, wide speed operation of
electric drives is desired. In other words, operation in both
the constant torque region and the constant power region is
desired. The conventional PI controller is used as a traditional
speed controller. However, because of some limitations in
the electric drives, such as current, voltage, rated torque and
limited speed, the control signal is restricted to a finite level
related to physical considerations. These limitations deteriorate
the controller performance. This performance deterioration
is referred to as integrator windup, which can significantly
degrade the control performance, resulting in a high overshoot
and long settling time [4,5]. A number of Anti-Windup (AW)
techniques have been proposed in the literature [6–10].
One classical technique, named back calculation and tracking
scheme, is used in this paper. Moreover, the conventional
fixed gain PI controller is very sensitive to the amplitude
of a step change in command speed, parameter variations
and load disturbances. Again, the precise speed control of
an IPMSM drive becomes a complex issue, due to nonlinear
coupling among its winding current and rotor speed, as well as
Open access under CC BY-NC-ND license.
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Vq/d q/d-axis voltages in the reference frame fixed to
the rotor
iq/d q/d-axis currents
Lq/d q/d-axis inductances
R Stator resistance per phase
ψf Constant flux linkage due to rotor permanent
magnet
ωrm Mechanical rotor angular speed
ω Electrical rotor angular speed
P Number of poles
p Differential operator
Te Electromagnetic torque
TL Load torque
B Viscous coefficient
J Inertia constant
Va Armature voltage (RMS)
Ia Armature current (RMS)
kp, ki, ka The coefficients of the controller
nonlinearity present in the developed electromagnetic torque.
Therefore, intelligent controllers demand particular attention
in high performance IPMSM drive systems [11–15].
Much recent research has been done for the application of
intelligent controllers for high performance drives and speed
control. Uddin et al. [13,14] developed and implemented an
intelligent controller for IPMSM drives. They utilized ANN
controllers and other intelligent controllers in a vector control
scheme. The main variables they used to train ANN are iq and
1ω. But, we will show that these variables are not sufficient
to have a vast wide speed range operation, and another
independent variable should be also considered.
Due to d-axis armature reactance, the IPMSM has enough
flux-weakening effect. So, IPMSM is a suitable alternative for
constant power operation by flux-weakening control.
This paper develops a Genetic-PI based controller IPMSM
drive. An anti-windup strategy is also used for better perfor-
mance and practical considerations. A well-trained artificial
neural network tunes the PI controller and AW compensator
under any operating conditions. The Genetic Algorithm has
been used in this work in order to obtain the optimized val-
ues of the PI controller and AW parameters for precise speed
control under different operating conditions over a wide speed
range. The performance index utilized as the GA objective func-
tion is the zero steady-state error, minimum speed deviation,
and minimum settling time of the IPMSM drive.
The optimal behavior of the drive can be achieved by con-
sidering two control strategies: maximum torque per ampere
in a constant torque region, and flux-weakening in a constant
power region.
In developing the proposed controller, the PI controller and,
also, AW parameters are optimized by GA under some selected
operating conditions, in a closed loop vector control scheme
using simulation results. By obtaining the parameters at a
number of points in the possible operating region, a look-up
table approach has been completed. Then, an ANN is trained by
this look-up table. Ultimately, the well-trained ANN is utilized
for on-line tuning of the controller parameters to ensure
optimum drive performance under different disturbances and
operating conditions over a wide speed range. Various stages of
this technique are; simulation, learning, and tuning.The mathematic model of IPMSM is presented in the next
section. The other sections are engaged with the control
principle, the proposed technique, and the simulation results
that approve the ability of the proposed technique.
2. Motor dynamic
Themathematic model of IPMSM in the d−q synchronously
rotating reference frame can be obtained from the synchronous
machine model. Due to the constant field produced by perma-
nent magnets, the field variation is zero. It is assumed that:
• Saturation and losses of the core are negligible.
• The induced EMF is sinusoidal.
• There is no dampener winding on the rotor.
Using these assumptions, the voltages and torque equations
are:
Vq
Vd

=

R+ pLq ω · Ld
−ω · Lq R+ pLd

iq
id

+

ω · ψf
0

, (1)
Te = 32
P
2
(ψf + (Ld − Lq)id)iq, (2)
Te = TL + Bωrm + Jpωrm, (3)
ωrm = 2P ω. (4)
Because the IPMSM model is nonlinear, the PI controller
parameters should be changed with operation condition vari-
ations in a conventional control scheme.
3. Control principle
3.1. Constraints
Considering the voltage and current constraints, the arma-
ture voltages and currents are:
Ia =

i2d + i2q ≤ Iam (5)
Va =

v2d + v2q ≤ Vam (6)
where Iam is a continuous armature current rating in continuous
operation or the maximum available current of the inverter in
limited short-time operation. Themaximum voltage, Vam, is the
maximum available output of the inverter.
3.2. Control in constant torque region
The most popular trajectory in current vector control is
Maximum Torque Per Ampere (MTPA). To reach MTPA in an
operating region, it should be:
∂

Te
Ia

∂ iq
= 0. (7)
Assuming the stator current is Iam and that it is constant,
Relation (7) can be replaced with Relation (8) the rated speed:
∂Te
∂ iq
= 0 (8)
so:
ψf + ∂ id
∂ iq

Ld − Lq
 · iq + Ld − Lq · id = 0, (9)
Ia =

i2q + i2d, (10)
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∂ id
∂ iq
= − iq
id
. (11)
Combining Relations (9) and (11) yields:
id = − ψf2(Ld − Lq) −

ψ2f
4(Lq − Ld)2 + i
2
q. (12)
Maximum torque will be reached when the current reaches
maximum value, Ia =

i2d + i2q = Iam. So:
ida = − ψf4(Ld − Lq) −

ψ2f
16(Lq − Ld)2 +
I2am
2
, (13)
iqa =

I2am − i2da (14)
where iqa and ida are the calculated current values to achieve
maximum torque in the MTPA trajectory.
3.3. Control in flux-weakening region
Voltage constraint is:
Vo =

v2do + v2qo ≤ Vom, (15)
where:
vdo = −ωLqiq, vqo = ωLdid + ωψf , (16)
Vom = Vam − RIam, (17)
and ‘‘o’’ subscripts are defined to simplify the control algorithm.
To keep Vo equal to Vom in the constant power region, the
relationship between components of the current should be:
id = −ψfLd +
1
Ld

V 2om
ω2
− (Lqiq)2, (18)
where
iq ≤ Vom/ωLq or, in other words, |vdo| ≤ Vom.
3.4. Transition between control modes
The q-axis current command, i∗q , is decided from the speed
error (ω∗rm−ωrm) through the proportional-integral controller.
The d-axis current command, i∗d , is decided by Relation (12)
in the MTPA region or by Relation (18) in the flux-weakening
region, according to i∗q . Below the base speed, ωbased, MTPA
control is selected because voltage Vo is always less than Vom.
Above the overexcitation threshold speed, ωc , at which the
magnet-generated back-EMF equals Vom, the flux-weakening
control is selected. In the speed range from ωbased to ωc , the
control mode is determined by the calculated voltage, Voc ,
where Voc is calculated by substituting i∗q and i∗d , given by
Relation (12) into Relation (15). If Voc < Vom, then, the MTPA
control is selected, otherwise, the flux-weakening control is
selected [1].
3.5. Anti-windup compensation
There are various methods for compensating the integrator
windup [6–10]. The method used in this paper is Back
Calculation And Tracking (BCAT). Figure 1 shows the block
diagramof the BCAT scheme,where ka denotes the anti-windup
gain. Once the controller output exceeds the actuator limits, aFigure 1: Back calculation and tracking scheme.
Figure 2: The diagram of the proposed technique.
feedback signal is generated from the difference between the
saturated and unsaturated control signals and used to reduce
the integrator input. The saturation in Figure 1 represents the
physical limitation (current limitation) of the IPMSM and/or the
accessories.
4. Proposed technique
Figure 2 shows the diagram of the proposed technique. As
shown, the proposed technique has three stages: simulation,
learning, and tuning.
4.1. Simulation stage
The optimized values of the PI constants and AW for precise
speed control, under different operating conditions over a wide
speed range, are obtained at this stage. The performance indices
which should have been optimized by GA are considered as
the zero steady-state error, minimum speed deviation, and
minimum settling time of the IPMSM drive, together. So, the
Objective Function (OF) of GA that can cover all the above
purposes is:
fitness =
 t→∞
0
e2tdt. (19)
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By means of GA, for several operating conditions, the
optimum values of the PI controller and AW parameters
have been found, and the operating condition and optimized
parameters have been saved in a look-up table.
4.2. Learning stage
Using the results in the simulation stage, an ANN radial basis
function network (RBFN), which can map the output variables
with a nonlinear relationship, is trained.
The input variables of ANN are the speed deviation, 1ω,
the q-axis current, iq, and the rotor speed, ω. According to the
control principle, the d-axis current command is dependent
on rotor speed, so, ω should be considered as an input
variable of ANN. The outputs of ANN are the PI controller
and AW parameters. A well-trained ANN can calculate the
optimum values of PI controllers to achieve the supposed
performance index for any operating conditions. Figure 3 shows
the schematic diagram of the RBFN.
4.3. Tuning stage
The on-line tuning of the controller parameters is done by
the trainedANNunder every operating condition anddynamics.
5. Simulation results and comparison
As shown in Figure 4, the q-axis current command is decided
from speed deviation through a PI controller in a vector control
scheme, whereas the parameters of the PI controller and AW
are tuned by ANN to achieve the performances.
Considering the drive limitations, the reference values of the
current are modified and calculated, according to the MTPA or
FW control strategy.
The system has been simulated using MATLAB/Simulink.
The parameters of IPMSM are indicated in Table 1.Table 1: Motor parameters.
Rated power 2.5 kW
Rated voltage 250 V
Rated frequency 60 Hz
Pole number 4
d-axis inductance 8.5 mH
q-axis inductance 10 mH
Stator resistance 0.2
Motor inertia 0.089 kg m2
Friction coefficient 0.005Nm/rad/s
Magnetic flux constant 0.175 V/rad/s
Figure 5: Using the optimized parameters of PI controller in an AW structure;
the second controller is not better than the first one.
The system was simulated while the controller was an
optimized PI controller. The parameters of the PI controller
were used in the AW controller, and the system with the
AW controller was simulated again. The results are shown in
Figure 5. It can be seen that the step response of the systemwith
the AW controller is not more different, in comparison with the
PI controller.
Next, a GA-optimized AW controller was used and the
system was simulated. It can be deduced from Figure 6 that
the response of the optimized AW controller is better than the
optimized PI controller without anti-wind up.
Because of the nonlinearity in the IPMSM model, the
optimized AW-PI controller parameters for one operating
condition are not optimum for other operating conditions. This
matter can be seen in Figure 7. The scenario which has been
simulated is as follows:
• Acceleration period to reach nominal speed (1800 RPM),
• Applying 12 N m at 1.4 s and rejecting it at 1.6 s,
• Step command under no load condition to operate in FW
region (2500 RPM) at 1.9 s,
• Applying 3.5 N m at 3.3 s and rejecting it at 3.6 s.
In this simulation (Figure 7) the AW parameters are opti-
mized for 1800 RPM and no load condition, and these param-
eters are used for 2500 RPM and other operating conditionsFigure 4: Schematic diagram of the proposed system.
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command from 0 to 350 RPM.
Figure 7: The torque pulsation at 2500 RPM is high; the optimized parameters
for 1800 RPM are not optimum for 2500 RPM.
in the mentioned scenario. One can deduce from Figure 7 that
the torque pulsation and, consequently, the speed pulsation are
high at 2500RPM (after 2.6 s), and the performance at 2500RPM
is not as good as for 1800 RPM. On the other hand, because the
AW parameters are optimized for 1800 RPM, they are not opti-
mum for 2500 RPM.
Hence, to achieve better performance, the AW parameters
should be optimized for any operating conditions. Therefore,
using the proposed method in this paper, the optimal param-
eters for some selected operating condition are obtained by
means of GA in an off-line simulation procedure. Then, the re-
sults are saved in a look-up table and, using this look-up table,
an ANN is trained. Ultimately, the well-trained ANN tunes the
AW-PI controller parameters.
Again, the mentioned scenario is simulated and the results
are shown in Figures 8 and 9.
Comparing Figures 7 and 8 shows that the proposedmethod
increases the performance of the drive, and the optimized on-
line tuning of the AW parameters is done by ANN.
6. Conclusions
An AW controller for an interior permanent magnet syn-
chronous motor drive is presented in this paper. The AWFigure 8: The speed response and the developed torque of IPMSM under the
mentioned scenario.
Figure 9: One phase current of the stator.
controller parameters have been optimized off-line by using
a GA technique with a performance index to reflect the mini-
mum settling time, minimum overshoot/undershoot, and zero
steady-state error. Based on the various operating conditions
and optimized control parameters, the RBFN has been trained
for on-line tuning of the AW controller parameters. The simu-
lation results show the ability of the proposed technique under
different operating conditions, such as sudden load change, and
step change of speed (over a wide speed range).
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